ABSTRACT A total of 936 one-day-old broiler chicks (Ross 308) was used to evaluate the effects of dietary calcium (Ca) source (1.0 and 0.6% from Ca carbonate [CC], or 0.6% from Celtic sea minerals [CSM]) on broiler chick response to phytase supplementation (0, 500, or 2,500 FTU per kg of diet) in phosphorus (P) adequate diets. Birds were randomly assigned to 9 treatments, each replicated 8 times (4 repeats of male and 4 repeats of female birds; 13 birds per replicate) in a completely randomized design. Results showed that birds fed low Ca CC diets had significantly (P ≤ 0.05) lower body weight at 14 and 21 d; weight gain during 1 to 14 d; feed intake during 1 to 14 d and 1 to 28 d; and toe and tibia ash content, ileum ash, and Ca, and P contents at 28 days. Feed conversion ratio and feed intake between 21 and 28 d, and serum Ca, Fe, and alkaline phosphatase levels at 28 d of age were not affected by dietary Ca level. The negative influence of reducing the dietary Ca level on body weight and weight gain was less severe when CC was replaced with CSM, and birds fed the CSM diet had a significantly lower feed conversion ratio and higher tibia P content compared to CC. Phytase did not have a significant influence (P > 0.05) on most measured parameters, but significantly reduced ileum P and ash contents, especially at the higher level of 2,500 vs. 500 units of phytase per kg of diet. These results confirm that CSM has a valuable potential to improve feed conversion ratio, and that phytase was less effective in compensating for a significantly reduced dietary Ca level as it is for P.
INTRODUCTION
It has been well documented that it is not only important to meet the dietary calcium (Ca) and phosphorus (P) requirements in broiler diet formulation, but also to target the appropriate ratio of Ca: P in order to ensure maximum performance and bone mineralization (Plumstead et al., 2008; Delezie et al., 2012; Dos Santos et al., 2013) . Although the broiler chick needs more Ca than P, the higher cost of meeting its P demands and environmental concern relating to excess excreta P has motivated much more work on P than Ca. Such work has focused on the evaluation of different organic and inorganic P sources in order to determine their availability and at the same time the P requirement of the broiler. Work also has considered methods to improve the broilers' ability to utilize plant derived P source via exogenous phytase (Selle and Ravindran, 2007; Plumstead et al., 2008; Delezie et al., 2012 However, the broiler chicks' response to phytase is not straightforward, as it is influenced by many factors (Sebastian et al., 1998; Selle and Ravindran, 2007 ). Dietary Ca level is one of the most relevant feed items, as it not only markedly influences the broiler chicks' P requirements, but also affects phytase efficacy (Dos Santos et al., 2013) . Although some work has focused on Ca requirements, less work has been done to investigate the impact of dietary Ca source on phytase efficacy or explore the potential of phytase to enhance dietary Ca retention in low Ca diets (Augspurger and Baker, 2004; Dos Santos et al., 2013) . Celtic sea mineral (CSM) is a calcareous marine algae (Lithothamnion calcareum), highly calcified with a mix of calcite, aragonite, and vaterite (Schlegel and Gutzwiller, 2016) and is an alternative inorganic source of Ca (up to 32% Ca). Though the Ca is the major mineral component of CSM, it also contains other minerals, such as Mg, Fe, P, Mn, I, Zn, etc. (González-Vega et al., 2014) . Although many studies addressed the nutritional value of Ca carbonate, few studies reported the potential of CSM and its interaction with exogenous phytase in broiler chicks' nutrition (González-Vega et al., 2014; Schlegel and Gutzwiller, 2016) . Therefore, the 1283 aim of the present study was to determine the effects of different dietary Ca sources (Ca carbonate [CC] or CSM) on phytase efficacy in broiler chicks fed a P adequate diet.
MATERIAL AND METHODS

Diet Preparation
Dietary treatments included a corn-soybean-mealbased diet (Table 1) with the recommended level of dietary Ca (1.0% Ca from CC; 0.6% from CC, and 0.6% of CSM source) in non-phytate P (nPP) adequate diets (0.50%). Each diet was supplemented with a graded level of phytase (0, 500, and 2,500 FTU per kg of the , produced by the genetically modified yeast Pichia pastoris. One unit of phytase activity was defined as the amount of enzyme that liberates one micromole of inorganic phosphate from sodium phytate at pH 5.5 and 37
• C (Table 2 ). All enzymes were added to the representative basal diets as granules. To achieve maximum mixing uniformity, the enzyme was first mixed with a small quantity of each complete diet prior to incorporation into the mix with the rest of the diet. The CSM Ca source was obtained from Celtic Sea Minerals, Currabinny, Co Cork, Ireland, and is derived from Lithothmnion calcareum, a calcified sea weed derived product.
Chicks and Rearing
In this experiment, 936 one-day-old broiler chicks (Ross 308) were obtained from a local hatchery and randomly distributed among 9 treatments, each replicated 8 times (4 male replicates and 4 female replicates; each replicate contained 13 birds). The experiment lasted 28 days. All chicks were housed in 72 floor pens (1.25 × 1.4 m), with wood shavings used as litter. Birds received continuous lighting during the first 24 h, then maintained on a 23 L: 1D schedule during the rest of the experimental period. The experimental house temperature was maintained between 30 and 32
• C at the beginning of the experiment and then gradually decreased by 2 to 3
• C each wk to reach a final temperature of 22 • C at the end. Chicks had free access to the mash diet and fresh water during the experiment. Care and management of the chicks were in accordance with commercial guidelines and were approved by University of Kurdistan Animal Ethics Committee.
Diets Composition
As described in Table 1 , basal corn-soybean meal diets were formulated to meet or exceed the nutritional requirements of broiler chicks (NRC, 1994) for all nutrients with the exception of Ca. The experimental diets were formulated to contain different Ca levels derived from 2 different Ca sources, CC and CSM. Dietary Ca levels investigated were 1% from CC, 0.6% from CC, and 0.6% from CSM. Basal diets were formulated to be isonitrogenous, isocaloric, and isophosphoric (0.50% nPP). The nutritional composition of experimental diets are shown in Table 1 .
Measurements
Birds were weighed as a group on arrival and at 14, 21, and 28 d of age on a pen basis. Feed intake was also recorded at the same time points for calculation of feed conversion ratio after adjustment for the weight of dead birds in each growth period. Average body weight, body weight gain, feed intake, and feed conversion ratio were determined between 1 to 14, 14 to 21, 21 to 28, and 1 to 28 d of age. At 28 d of age, 3 birds per pen were randomly selected for blood sampling from the left wing vein. After sampling, these selected birds were killed by cervical dislocation, and the right and left tibia and all toe bones were removed. Subsequently, tibias were de-fleshed and defatted in a mixture of 90% ethyl ether and 10% methanol. Finally, pooled toe and defatted tibia bones were dried at 105
• C until a consistent weight was obtained, and then ashed in a muffled furnace at 605
• C for at least 12 h (AOAC, 1990). The ash content was expressed as g of ash per 100 g of the dried weight for each bone. At the same time, ileum digesta samples from all sacrificed birds were collected for ash, Ca, and P analysis. The Ca and P contents of dried tibia and ileum digesta were measured (AOAC, 1990 ). Blood serum P, Ca, Fe, and alkaline phosphatase were measured using enzymatic, colorimetric essays using the relevant clinical kits (Pars Azmun, Tehran, Iran). The chemical composition of experimental diets, including DM, CP, Ca, P (AOAC, 1990), and phytase (Engelen et al., 2001) , also were measured as described in Table 1 .
Statistical Analysis
Data were analyzed using the General Linear Models (GLM) procedure of SAS (SAS institute, 1991) using a completely randomized design (CRD) in a factorial arrangement. Mortality data were transformed using √ X + 1 prior to analysis (Manikandan, 2010) . Significant differences among treatments were determined at P ≤ 0.05 using Tukey tests. Additional analyses were conducted using contrast statements to examine the effects of Ca source at 0.6% Ca inclusion (CC vs. CSM) or Ca level (1.0 vs. 0.6%). The dose-response effect of supplemental phytase was computed using orthogonal polynomial contrast for liner and quadratic effects (SAS, 1991).
RESULTS
Performance
No significant interaction effects of treatment on performance were noted when the whole data set was considered, but in contrast, comparing Ca levels between the 2 CC diets, it was clear that the lower level (0.6%) led to significantly lower weight gain (1 to 14, 14 to 21, and 1 to 28 d) and body weights (14, 21, and 28 d) compared with the 1% control. No differences between calcium sources or phytase levels were found (P > 0.05) on body weight or gain (Table 3) .
Treatment effects on feed intake were noted between 1 to 14, 14 to 21, and 1 to 28 d of age only (P ≤ 0.05), Reducing dietary Ca level from 1.0 to 0.6% reduced (P ≤ 0.05) feed intake between 1 to 14 (538 vs. 572 g), 14 to 21 (657 vs. 690), and 1 to 28 (2,057 vs. 2,156) d but not during the last wk (21 to 28 d). Phytase did not influence feed intake during any period (P > 0.05).
Treatment effects on feed conversion were detected between 14 to 21 and 1 to 28 d of age (P ≤ 0.05). The contrast data suggest that FCR was significantly better for birds fed the CSM diet compared with the same amount of Ca derived from the CC diet (P ≤ 0.05). Feed conversion ratio was not influenced by the addition of phytase. As presented in Table 3 and Table 4 , addition of different levels of phytase had no linear or quadratic effects on performance criteria. Mortality (%) was not influenced by dietary Ca level (1.0 vs. 0.6%) or Ca source (data not shown).
Bone Mineralization
No significant treatment effects were noted for tibia ash, although the results suggested there was a significant reduction in toe ash when (P ≤ 0.05) the dietary Ca level was reduced from 1.0 to 0.6%. Phytase supplementation had no significant (P > 0.05) effect on toe ash content (P > 0.05).
As shown in Table 5 , though tibia ash content (%) at 28 d of age was not influenced by treatment, the contrast of the low vs. high CC Ca level suggested the latter had greater ash content (P ≤ 0.05). Phytase had no effect, and there were no differences (P > 0.05) between the 2 Ca sources noted for tibia ash (Table 5) .
Tibia Ca content (%) was significantly influenced by dietary Ca source × phytase level interaction (P < 0.05), which seemed to be due to lower levels being found in the 500 FTU CC 1% diet compared with the unsupplemented CC 0.6% diet and the 2,500 FTU supplemented CSM diet. Tibia P was minimized in the lower Ca CC diets.
As presented in Tables 3 and 4 , supplementation of different levels of phytase to the basal diet had no linear or quadratic effect. 
Mineral Content of the Ileum
Ileal content of ash, Ca, and P was significantly influenced by reduction of dietary Ca level, regardless of Ca source. In addition, phytase supplementation reduced ash and P contents of the ileum, particularly at the highest dose in the CSM diet. As noted in Table 5 , addition of graded levels of phytase to the basal diet resulted in linear and quadratic reduction in ileum P content.
Serum Metabolites
As shown in Table 6 , there were no significant treatment effects on serum traits at 28 d of age, although the effect of Ca level reduction on serum P was significant. Serum P was lower in birds fed the high Ca CC diets compared with the low Ca CC diets. No effects of phytase on serum traits were noted (P > 0.05).
DISCUSSION
The findings of the current experiment with regard to the negative consequences of reducing dietary Ca from 1.0 to 0.6% in a P adequate diet (0.5%) on body weight, weight gain, feed intake, toe and tibia ash contents are in agreement with previously published reports (Driver et al., 2005; Delezie et al., 2012) . These data indicate that the Ca deficiency in the current experiment when CC was fed at 0.6% was moderate and likely a result of the fact that the P levels were simultaneously luxurious. The analyzed Ca content of the low Ca diets was approximately 0.77%, which would be deemed adequate if the available phosphate levels were approximately 0.35%, but in this study they were formulated to be much higher at 0.5%. In addition, the data confirm that some criteria, such as body weight, are more responsive to dietary Ca level than feed conversion ratio and serum mineral contents (Dos Santos et al., 2013) . Driver et al. (2005) demonstrated that reducing dietary Ca level to less than 0.625% in a high P diet (0.45%) had negative effects on body weight to 16 d of age, but in lower P diets, this detrimental effect was reduced. Augspurger and Baker (2004) also showed that reducing dietary Ca level from 1 to 0.48% in a high nPP diet (0.45%) significantly reduced weight gain. It has been postulated that the negative impacts of reducing dietary Ca level on broiler performance are just as much related to disturbing the dietary Ca: available P balance as it is to shortage of Ca supply. Thus, the effects of feeding a particular dietary Ca level needs to take into account the P level of the diet, as this dictates whether an appropriate Ca: available P ratio has been achieved (Shafey, 1993; Augspurger and Baker, 2004) . Some researchers suggest that the absolute Ca and P requirements of broiler chicks is less than the current NRC (1994) recommendation or broiler company nutrient specifications. As a result, the observed adverse effects noted in some research of feeding low Ca diets to young broiler chicks is more of a consequence of a narrow dietary Ca: P balance rather than a Ca deficiency per se (Delezie et al., 2012) . Delezie et al. (2012) reported that concomitant and coordinated reduction of dietary Ca and P levels had no deleterious effects on bone mineralization, but feeding an imbalanced Ca and P diet significantly reduced body weight, bone development, and Ca and P retention. The current findings that CSM was better than CC as a Ca source in a low Ca diet, with lower feed conversion ratios, is partially explained by higher solubility of CSM compared with CC (Walk et al., 2012) . This would contribute to correcting the Ca: P ratio imbalance caused by feeding a low Ca, high P level in the basal diet. Use of a dietary Ca source such as CSM, which has higher Ca solubility than commonly used Ca sources such as CC, will enable the use of lower Ca diets without imbalancing the dietary Ca: P ratio.
There were few if any beneficial effects of feeding phytase on performance or tibia ash content (%) in this study. Use of this phytase at 500 FTU would be expected to release Ca and P in an approximate 1:1 ratio, which, in the low Ca diets, would further imbalance the Ca: P ratio. Even though the amount of digestible Ca would be increased, this benefit is overshadowed by the negative effect of the incremental P digestibility on the ratio between Ca and P. Indeed, phytase supplementation, especially at the highest level, significantly reduced ileum ash and P content, suggesting better absorption, but it was less effective on ileum Ca status. The lack of effect of phytase on performance indicates that the birds did not suffer a deficiency of P. Under the circumstances of this trial, the P released by the phytase in the ileum was likely absorbed, but much of it would likely be excreted in the urine if there was not sufficient Ca with which to combine for bone deposition. Thus, there may have been an increase in the soluble P in excreta of such birds (Selle and Ravindran, 2007) . Phytate, a myo-inositol ring with 6 phosphate groups attached, has enormous capacity to bind cations (such as Ca, P, Cu, and Zn) and form insoluble mineralphytate complexes along with complexing with other nutrients, such as starch and amino acids, rendering them less digestible (Sebastian et al., 1998; Selle and Ravindran, 2007) . The ability of poultry to hydrolyze the aforementioned complexes and release the bound nutrients depends on bird age, feed ingredients used, level of other nutrients, such as Ca and P, and also level of exogenous phytase supplementation (Rousseau et al., 2012; Liu et al., 2013; Walk et al., 2014) . Exogenous phytase efficacy also depends upon its application dosage and dietary Ca level. In fact, keeping dietary Ca levels high, while maintaining dietary nonphytate P at a minimum level is the most effective way of compromising performance to such an extent that the benefits of added microbial phytase is maximized (Applegate et al., 2003; Plumstead et al., 2008) . It has been postulated that reducing dietary Ca level significantly reduces the possibility of formation of insolublephytate complexes and thus more phytate is hydrolyzed in the intestinal tract by endogenous phytase (Applegate et al. 2003) . This reduces the scope for an exogenous phytase response. On the other hand, phytase efficacy is highly dependent on dietary nPP level, with little effect noted in high P diets as was the case in the current trial. Therefore, since the basal diet had sufficient P to support the birds' requirements, the lack of a significant effect of phytase in the present experiment is expected. However, the effects of phytase on reducing ileum ash and P contents indicates the functionality of the phytase even though a significant proportion of the absorbed P was probably excreted.
In conclusion, our findings indicates that using a dietary Ca source such as CSM instead of CC allows use of a lower Ca diet with few consequences. When phytase is used in such diets, even at very high dosages, few benefits were observed, likely as a result of an imbalance between Ca and P, which was possibly made worse by phytase addition. 
